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Abstract
We discuss the one-loop radiative corrections to the reaction σ(e+e− → χ˜+a χ˜−b ), for
a, b = 1, 2 where χ˜±1,2 are the charginos of the minimal supersymmetric standard
model. We calculate the leading one loop radiative corrections involving loops of top,
stop, bottom and sbottom quarks, working in the MS scheme. At LEP2 we find
positive radiative corrections typically of 10% to 15% and with a maximum value
of approximately 30% if the squark mass parameters are of the order of 1 TeV. If√
s = 500 GeV we find smaller corrections but they can be also negative, with ex-
treme values of 13% and −4%. For a center of mass given by √s = 2 TeV we find
larger corrections, with typical values between 20% and −20%.
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1 Introduction
The e+e− colliders such as LEP provide a clean environment for searching for the
charginos and neutralinos predicted by the minimal supersymmetric standard model
(MSSM) [1]. Several authors have considered the production of neutralinos and
charginos at e+e− colliders at the Z pole [2] and beyond [3], as well as its decay
modes [4]. From an accurate measurement of the chargino production cross-section,
much information could be obtained about the MSSM [5, 6].
Experimental searches for charginos at LEP2 have been negative so far, and lower
bounds on the lightest chargino mass have been set. The bound depends mainly
on the sneutrino mass and the mass difference between the chargino and the LSP
∆m = mχ1 − mχ0
1
. ALEPH has found that mχ1 > 85 GeV for mν˜e > 200 GeV [7].
DELPHI’s bound corresponds to mχ1 > 84.3 GeV for mν˜e > 300 GeV and ∆m > 10
GeV [8]. A lower bound of mχ1 > 85.5 GeV was found by L3 for mν˜e > 300 GeV [9].
Finally, OPAL has found that if ∆m > 10 GeV then mχ1 > 84.5 GeV if m0 > 1 TeV
and mχ1 > 65.7 GeV for the smallest m0 compatible with current limits on sneutrino
and slepton masses [10].
Given the importance of an accurate measurement of the chargino production
cross-section in e+e− experiments, it is clearly important to be able to calculate this
cross-section as accurately as possible. Although this cross-section does not contain
any coloured particles, and so is immune to QCD corrections, there are other radiative
corrections which, as we shall see, may give large corrections to the cross-section of
order 10%. Although electroweak corrections may be expected to give corrections
of order 1%, there are additional radiative corrections coming from loops of top and
bottom quarks and squarks which are important due to the large Yukawa couplings
of these heavy quarks and squarks, and it is these corrections which form the subject
of the present paper. Although radiative corrections to chargino masses have been
considered [11], the radiative corrections to chargino production in e+e− experiments
has not so been considered in the literature.
The layout of this paper is as follows. In Section 2 we discuss the tree level
amplitude and outline the approach to radiative corrections which we follow. In
Section 3 we introduce convenient form factors which enable the calculation to be
organized in terms of its possible Lorentz invariant structures, and express the square
of the amplitude in terms of the form factors. In section 4 we describe how the
different diagrams contribute to the form factors, relegating many of the details to a
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series of Appendices where the Feynman rules and Passarino–Veltman (PV) functions
are also summarised. Section 5 contains the numerical results, and in Section 6 we
give our conclusions.
2 Tree Level Amplitude and Its One–Loop Renor-
malization
We consider the pair production of charginos with momenta k1 and k2 in electron-
positron scattering with incoming momenta p1 and p2:
e+(p2) + e
−(p1)→ χ˜+b (k2) + χ˜−a (k1) (2.1)
In the MSSM charginos can be produced in the s–channel with intermediate Z–bosons
and photons, and in the t–channel with an intermediate electron–type sneutrino. We
denote these amplitudes M0Z , M
0
γ , and M
0
ν˜ , where the superscript 0 indicates that
the amplitude is at tree level. These amplitudes correspond to the diagrams in Fig. 1
with the shaded blobs replaced by the lowest order tree-level vertices.
The tree level Z amplitude can be written as
M0Z =
[
v(p2)iG0,µZeeu(p1)
]
P µνZ (p
2)
[
u(k2)iG0,abνZχχ v(k1)
]
(2.2)
where
P µνZ (p
2) =
−igµν
p2 −m2Z − imZΓZ
(2.3)
is the Z–boson propagator in the Feynman gauge, with mZ its mass, ΓZ its total
width, and p2 = (p1+p2)
2 = (k1+k2)
2 = s is the square of the center of mass energy.
The tree level Ze+e− vertex function is
G0,µZee = −
g
2cW
γµ(geV − geAγ5) (2.4)
where g is the SU(2) gauge coupling, sW = sin θW , cW = cos θW where θW is the
weak angle, and geV = −1/2 + 2s2W and geA = −1/2.
Similarly, the Zχ˜+b χ˜
−
a vertices are given by
G0,abνZχχ =
g
2cW
γν
[
O′Lab(1− γ5) +O′Rab (1 + γ5)
]
(2.5)
where the couplings O′Lab and O
′R
ab are related to the matrices which diagonalize the
chargino mass matrix, and are defined in Appendix A.
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The tree level photon amplitude can be written as
M0γ =
[
v(p2)iG0,µγeeu(p1)
]
P µνγ (p
2)
[
u(k2)iG0,abνγχχ v(k1)
]
(2.6)
where the photon propagator in the Feynman gauge is
P µνγ (p
2) =
−igµν
p2
(2.7)
The photon tree level vertices are very simple:
G0,µγee = eγµ , G0,abνγχχ = −eγνδab (2.8)
where e = |e| and the factor of qe = −1 for the electron charge has been used.
Finally, the tree level sneutrino amplitude is
M0ν˜ =
[
v(p2)iG0,+bν˜eeχuT (k2)
]
Pν˜e(q
2)
[
vT (k1)iG0,−aν˜eeχu(p1)
]
(2.9)
where
Pν˜e(q
2) =
i
q2 −m2ν˜e
(2.10)
is the sneutrino propagator, mν˜e is its mass and q
2 = (k2 − p2)2 = (p1 − k1)2 = t is
the squared of the t–channel momentum transferred. The sneutrino vertices are at
tree level given by
G0,+bν˜eeχ = −
g
2
Vb1(1 + γ5)C , G0,−aν˜eeχ =
g
2
C−1V ∗a1(1− γ5) (2.11)
Here, C is the charge conjugation matrix and V is one of the diagonalization matrices
of the chargino mass matrix (see Appendix A).
Divergent diagrams are regularized using dimensional regularization. Therefore,
the divergences are contained in the parameter
∆ =
2
4− n + ln 4π − γE , (2.12)
where n is the number of space–time dimensions, and γE is the Euler’s constant.
In every divergent graph, the term ∆ is always accompanied by the term lnQ2,
where Q is an arbitrary mass scale introduced by dimensional regularization. The
renormalization scheme we use here is the MS. In this scheme, the counterterm is
fixed in such a way that cancels only the terms proportional to ∆. As a consequence,
one–loop corrections (diagrams plus counterterms) to 1PI Green’s functions become
finite but remain scale dependent. In order to get a physical scattering amplitude,
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i.e., independent of the scale Q, the tree level parameters are promoted to running
parameters. This implicit scale dependence of the tree level parameters cancels the
explicit scale dependence of the one–loop corrections to the scattering amplitude.
We work in the approximation where only top and bottom quarks and squarks are
considered in the loops. These corrections are in general enhanced by logarithms of
large mass ratios and by Yukawa couplings, whereas other corrections are genuinely
of order αW and therefore negligible. This implies, for example, that the electron–
positron vertices, GµZee and Gµγee, do not receive triangular corrections, and the tree
level vertex can be identify with the one–loop renormalized vertex. In the following
section we detail all these one–loop corrections to the chargino pair production.
3 Squared Amplitudes in Terms of Form Factors
In the presence of radiative corrections, the amplitude for e+e− → χ˜+b χ˜−a may be
expressed as the sum of three amplitudes MZ , Mγ, Mν˜ as shown in Fig. 1. The
shaded bubbles in that figure are one–loop renormalized total vertex functions defined
as iGabZχχ, iGabγχχ, iG+bν˜eeχ, and iG−aν˜eeχ. In the total vertex functions we include the tree
level vertex, the one–particle irreducible vertex diagrams plus the vertex counterterm,
and the one–particle reducible vertex diagrams plus their counterterms. Although the
detailed expressions for the total vertex functions is quite complicated, by exploiting
the possible Lorentz structures of the diagrams it is possible to express them in terms
of just a few form factors.
We define the Z form factors as follows:
GabZχχ ≡ (1+γ5)
(
F+Z0γ
µ + F+Z1k
µ
1 + F
+
Z2k
µ
2
)
+(1−γ5)
(
F−Z0γ
µ + F−Z1k
µ
1 + F
−
Z2k
µ
2
)
(3.1)
Similarly we define the photon form factors as follows:
Gabγχχ ≡ (1 + γ5)
(
F+γ0γ
µ + F+γ1k
µ
1 + F
+
γ2k
µ
2
)
+ (1− γ5)
(
F−γ0γ
µ + F−γ1k
µ
1 + F
−
γ2k
µ
2
)
(3.2)
Sneutrino total vertex functions are simpler. There are two total sneutrino vertex
functions denoted by G±aν˜eeχ, and each of them can be express in terms of a single form
factor. For the upper vertex we have:
G+bν˜eeχ ≡ (1 + γ5)CF+ν˜e (3.3)
For the lower vertex we have:
G−aν˜eeχ ≡ C−1(1− γ5)F−ν˜e (3.4)
4
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Figure 1: One–loop renormalized MZ , Mγ and Mν˜e amplitudes in the approximation
where only top and bottom quarks and squarks are considered inside the loops.
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Having expressed the vertices Zχ+b χ
−
a , γχ
+
b χ
−
a , ν˜e
+χ+b , and ν˜e
−χ−a in terms of form
factors, it is a relatively straightforward task to write down the one-loop amplitudes
in terms of the form factors.
The Z amplitude squared is
〈|MZ|2〉 = g
2
c2W
s2
(s−m2Z)2 +m2ZΓ2Z
{
2geV g
e
A
(
|F−Z0|2 − |F+Z0|2
)
R +
(
ge2V + g
e2
A
){
4mχamχbRe(F
+
Z0F
−∗
Z0 )/s
+1
2
(
|F+Z0|2 + |F−Z0|2
) [
1 +R2 − (m2χa −m2χb)2/s2
]
+1
2
[
Re
[
(mχaF
−
Z0 +mχbF
+
Z0)(F
−
Z1 − F−Z2)∗
]
+Re
[
(mχaF
+
Z0 +mχbF
−
Z0)(F
+
Z1 − F+Z2)∗
]
+1
4
(s−m2χa −m2χb)
(
|F−Z1 − F−Z2|2 + |F+Z1 − F+Z2|2
)
−mχamχbRe
[
(F−Z1 − F−Z2)(F+Z1 − F+Z2)∗
]
] [
1−R2 − 2(m2χa +m2χb)/s+ (m2χa −m2χb)2/s2
] }}
(3.5)
where
R = λ1/2(1, m2χa/s,m
2
χb
/s) cos θ , (3.6)
λ(a, b, c) = (a + b − c)2 − 4ab, and θ is the angle between the electron and chargino
lines. Note that we have already sum over final spin configurations and taken the
average of initial spin configurations. The photon amplitude squared is given by
〈|Mγ |2〉 = 2e2
{
8mχamχbRe(F
+
γ0F
−∗
γ0 )/s
+
(
|F+γ0|2 + |F−γ0|2
) [
1 +R2 − (m2χa −m2χb)2/s2
]
+
[
Re
[
(mχaF
−
γ0 +mχbF
+
γ0)(F
−
γ1 − F−γ2)∗
]
+Re
[
(mχaF
+
γ0 +mχbF
−
γ0)(F
+
γ1 − F+γ2)∗
]
+1
4
(s−m2χa −m2χb)
(
|F−γ1 − F−γ2|2 + |F+γ1 − F+γ2|2
)
−mχamχbRe
[
(F−γ1 − F−γ2)(F+γ1 − F+γ2)∗
]
] [
1− R2 − 2(m2χa +m2χb)/s+ (m2χa −m2χb)2/s2
] }
(3.7)
and the sneutrino amplitude squared is
〈|Mν˜e|2〉 = |F+ν˜e|2|F−ν˜e |2
s2
(t−m2ν˜e)2
[
(1−R)2 − (m2χa −m2χb)2/s2
]
(3.8)
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The total amplitude squared has three interferences. We start with the Z–photon
interference
2Re〈MZM∗γ 〉 =
eg
cW
Re
s
s−m2Z − imZΓZ
{
4geA(F
−
Z0F
−∗
γ0 − F+Z0F+∗γ0 ) + geV
{
8mχamχb(F
+
Z0F
−∗
γ0 + F
−
Z0F
+∗
γ0 )/s
+2(F+Z0F
+∗
γ0 + F
−
Z0F
−∗
γ0 )
[
1 +R2 − (m2χa −m2χb)2/s2
]
+
[
(mχaF
−
Z0 +mχbF
−
Z0)(F
−
γ1 − F−γ2)∗ + (mχaF+Z0 +mχbF−Z0)(F+γ1 − F+γ2)∗
+(F−Z1 − F−Z2)(mχaF−∗γ0 +mχbF+∗γ0 ) + (F+Z1 − F+Z2)(mχaF+∗γ0 +mχbF−∗γ0 )
+1
2
(s−m2χa −m2χb)
[
(F−Z1 − F−Z2)(F−γ1 − F−γ2)∗ + (F+Z1 − F+Z2)(F+γ1 − F+γ2)∗
]
−mχamχb
[
(F−Z1 − F−Z2)(F+γ1 − F+γ2)∗ + (F+Z1 − F+Z2)(F−γ1 − F−γ2)∗
]
] [
1− R2 − 2(m2χa +m2χb)/s+ (m2χa −m2χb)2/s2
] }}
(3.9)
The Z-sneutrino interference is
2Re〈MZM∗ν˜e〉 =
g(geV + g
e
A)
cW
Re
s2
(s−m2Z − imZΓZ)(t−m2ν˜e)
F+ν˜eF
−
ν˜e
{
4F−Z0mχamχb/s+ F
+
Z0
[
(1−R)2 − (m2χa −m2χb)2/s2
]
+1
2
[
mχa(F
+
Z1 − F+Z2) +mχb(F−Z1 − F−Z2)] [
1− R2 − 2(m2χa +m2χb)/s+ (m2χa −m2χb)2/s2
] }
(3.10)
and the photon–sneutrino interference is given by
2Re〈MγM∗ν˜e〉 = 2e
s
(t−m2ν˜e)
ReF+ν˜eF
−
ν˜e
{
4F−γ0mχamχb/s+ F
+
γ0
[
(1− R)2 − (m2χa −m2χb)2/s2
]
+1
2
[
mχa(F
+
γ1 − F+γ2) +mχb(F−γ1 − F−γ2)] [
1− R2 − 2(m2χa +m2χb)/s+ (m2χa −m2χb)2/s2
] }
(3.11)
Now we just have to calculate the one–loop contributions to each form factor, and
this is done in the next section.
4 Loop Contributions to Form Factors
In the previous section we defined the total vertex functions iGabZχχ, iGabγχχ, and G±aν˜eeχ
expressed in terms of form factors F±Zi, F
±
γi , with i = 0, 1, 2, and F
±
ν˜e . In this section
7
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Figure 2: One–loop renormalized γχ+b χ
−
a and Zχ
+
b χ
−
a vertex functions.
we give details about the contributions from the different diagrams to the form factors
defined in the previous section. We divide the diagrams into one–particle irreducible
triangular diagrams and one–particle reducible diagrams composed by gauge boson
two–point functions, chargino mixing, and chargino wavefunction renormalization (see
Appendix C).
The sum of the one-particle-irreducible vertex diagrams iΓabZχχ includes one-loop
triangle diagrams with internal top, bottom, stop, and sbottom quarks. Each of these
graphs in terms of Passarino–Veltman (PV) functions [12] are given in Appendix C.
From there one can read off the contribution of each graph to the form factors F±Zi,
i = 0, 1, 2, defined in eq. (3.1). This is particularly simple because the one-particle-
irreducible vertex function iΓabZχχ has the same Lorentz structure as the total vertex
function iGabZχχ in eq. (3.1). These contributions are graphically represented by the
diagram in Fig. 2f, with an external Z-boson.
The sum of all one-particle-irreducible vertex diagrams iΓabγχχ are treated in a
completely analogous way. These graphs are also given in Appendix C, and from
8
those expressions one can read off the corresponding contributions to the form factors
F±γi in the total vertex function iGabγχχ. These contributions are also represented by
the diagram in Fig. 2f, but with an external photon attached to it.
There are no contributions from triangular graphs to the form factors F±ν˜e in the
total vertex functions G±aν˜eeχ. In the following subsections we analyse the one-particle-
reducible graphs.
4.1 Gauge Bosons Two–Point Functions
The contribution from the gauge boson two–point functions is displayed in Fig. 2b
and 2c. The general structure of the gauge boson two–point functions is
ΣµνGG(p
2) = i[AGG(p
2)gµν +BGG(p
2)pµpν ] (4.1)
where p is the external momentum and GG = ZZ, γγ, or Zγ. The functions AGG
and BGG depend on the external momentum squared p
2 and represent the one–loop
contributions to the gauge bosons self energies and mixing. For our purposes only
AGG is relevant and these are displayed in Appendix C2. The gauge boson two–point
functions attached to the external chargino line give contributions to the forms factors
F±Z0 and F
±
γ0 only.
The Z–boson self energy contributes to F+Z0 and F
−
Z0 form factors in the following
way
F+Z0 =
g
2cW
O′Lab
A˜ZZ(p
2)
p2 −m2Z
, F−Z0 =
g
2cW
O′Rab
A˜ZZ(p
2)
p2 −m2Z
, (4.2)
where p2 = s, the center–of–mass energy, and the tilde in A˜ represent the self energy
plus its counterterm, i.e., A˜ is the finite two–point function.
Another contribution to the same form factors come from the Z − γ mixing:
F+Z0 = −
e
2
δab
A˜Zγ(p
2)
p2
, F−Z0 = −
e
2
δab
A˜Zγ(p
2)
p2
, (4.3)
where we take e to be positive.
In a similar way, the F+γ0 and F
−
γ0 form factors receive the following contributions
from the photon self energy
F+γ0 = −
e
2
δab
A˜γγ(p
2)
p2
, F−γ0 = −
e
2
δab
A˜γγ(p
2)
p2
, (4.4)
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and from the γ − Z mixing
F+γ0 =
g
2cW
O′Lab
A˜γZ(p
2)
p2 −m2Z
, F−γ0 =
g
2cW
O′Rab
A˜γZ(p
2)
p2 −m2Z
. (4.5)
There is no contribution from gauge two–point functions to the G±aν˜eeχ total vertex
functions.
4.2 Chargino Mixing
Chargino mixing graphs contribute to the total vertices Gabγχχ and GabZχχ through dia-
grams represented in Fig. 2d and 2e.
The most general expression for the chargino two–point functions at one–loop is
iΣijχχ(p) = i
{[
A+ij(p
2)(1+γ5)+A
−
ij(p
2)(1−γ5)
]
+
[
B+ij (p
2)(1+γ5)+B
−
ij (p
2)(1−γ5)
]
pµγ
µ
}
(4.6)
and the contribution to the functions A±ij and B
±
ij from the different loops are given
in Appendix C. Chargino mixings contribute to the form factors when the loop is
attached to an external chargino. We start with the Zχ+b χ
−
a vertex. If the loop is
attached to the external χ˜+b chargino, we find the following contributions
F+Z0 = −
g
cW
O′Lai
1
m2χb −m2χi
[
mχbA˜
−
ib +mχiA˜
+
ib +mχb(mχbB˜
+
ib +mχiB˜
−
ib)
]
F−Z0 = −
g
cW
O′Rai
1
m2χb −m2χi
[
mχbA˜
+
ib +mχiA˜
−
ib +mχb(mχbB˜
−
ib +mχiB˜
+
ib)
]
(4.7)
where i 6= b. All the functions A˜±(k22) and B˜±(k22) are evaluated at k22 = m2χb , and
the tilde means that the corresponding function is finite. If the one–loop graph is
attached to the external χ˜−a chargino, then the contributions to the F
±
Z0 form factors
are
F+Z0 = −
g
cW
O′Lbi
1
m2χa −m2χi
[
mχaA˜
+
ai +mχiA˜
−
ai +mχa(mχaB˜
+
ai +mχiB˜
−
ai)
]
F−Z0 = −
g
cW
O′Rbi
1
m2χa −m2χi
[
mχaA˜
−
ai +mχiA˜
+
ai +mχa(mχaB˜
−
ai +mχiB˜
+
ai)
]
(4.8)
where i 6= a and all the functions A˜±(k21) and B˜±(k21) are evaluated at k21 = m2χa .
In a similar way, we find the contributions to the form factors associated to the
vertex γχ+b χ
−
a . If the chargino mixing graph is attached to the external χ˜
+
b chargino,
10
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Figure 3: One–loop renormalized e−ν˜eχ˜
+ vertex functions.
we find
F+γ0 =
e
m2χb −m2χa
[
mχbA˜
−
ab +mχaA˜
+
ab +mχb(mχbB˜
+
ab +mχaB˜
−
ab)
]
F−γ0 =
e
m2χb −m2χa
[
mχbA˜
+
ab +mχaA˜
−
ab +mχb(mχbB˜
−
ab +mχaB˜
+
ab)
]
(4.9)
where as before, all the functions A˜±(k22) and B˜
±(k22) are evaluated at k
2
2 = m
2
χb
. The
difference with respect to the previous case is that here we need a 6= b, otherwise this
contribution is absent.
If the one–loop graph is attached to the external χ˜−a chargino, we get
F+γ0 =
e
m2χa −m2χb
[
mχaA˜
+
ab +mχbA˜
−
ab +mχa(mχaB˜
+
ab +mχbB˜
−
ab)
]
F−γ0 =
e
m2χa −m2χb
[
mχaA˜
−
ab +mχbA˜
+
ab +mχa(mχaB˜
−
ab +mχbB˜
+
ab)
]
(4.10)
where, again, we need a 6= b for this contribution to be different from zero. As before,
all the functions A˜±(k21) and B˜
±(k21) are evaluated at k
2
1 = m
2
χa .
Finally, we consider the e+ν˜eχ˜
+
b and e
−ν˜eχ˜
−
a vertices, whose renormalization is
represented in Fig. 3. If the one–loop graph is attached to the external χ˜+b chargino
11
we find a contribution to the sneutrino form factor given by
F+ν˜e =
gVi1
m2χb −m2χi
[
mχbA˜
−
ib +mχiA˜
+
ib +mχb(mχbB˜
+
ib +mχiB˜
−
ib)
]
(4.11)
with i 6= b and the all the functions A˜±(k22) and B˜±(k22) are evaluated at k22 = m2χb .
If the one–loop graph is attached to the external χ˜−a chargino we get
F−ν˜e = −
gV ∗i1
m2χa −m2χi
[
mχaA˜
+
ai +mχiA˜
−
ai +mχa(mχaB˜
+
ai +mχiB˜
−
ai)
]
(4.12)
with i 6= a and the all the functions A˜±(k21) and B˜±(k21) are evaluated at k21 = m2χa .
4.3 Chargino Masses and Wavefunction Renormalization
The unrenormalized chargino two–point functions in eq. (4.6) can be decomposed into
two terms:
Σijχχ(p) = Σ
ij
χχ,1(p) + γ5Σ
ij
χχ,5(p) . (4.13)
The inverse propagator at one–loop is then obtained by adding this self energy, pre-
viously renormalized according to the MS scheme, to the tree level propagator with
the tree level mass promoted to a running mass
Γ(2)χχ(p) = pµγ
µ −mχi(Q) + Σ˜iiχχ(p,Q) (4.14)
The full propagator is essentially just the inverse of Γ(2)χχ, so the physical pole mass
is given by the zero of this function, in the limit where pµγ
µ −→ mχi , and may be
found with the aid of the following equation:
Z˜−1χi u(p)
[
pµγ
µ −mχi
]
u(p) = u(p)
[
pµγ
µ −mχi(Q) + Σ˜iiχχ(p,Q)
]
u(p) (4.15)
where u and u are two (on-shell) spinors, mχi is the pole mass of the chargino χ˜i,
mχi(Q) is its running mass, and Σ˜
ij
χχ(p,Q) is the renormalized chargino two–point
function in the MS scheme. The quantity Z˜χi is the residual finite wavefunction
renormalization in the MS scheme, which account for the fact that the residue of the
MS propagator at the pole is not one, as we shall see later. Z˜χi corresponds to the
finite ratio of the infinite wavefunction renormalization constants in the MS scheme
and the on-shell scheme. When renormalization is performed in the MS scheme,
each external χ˜i line has a factor of (Z˜χi)
−1/2 associated with it, according to the
LSZ reduction formula. The renormalized two–point function Σ˜ijχχ(p,Q) is calculated
simply by substracting the pole terms proportional to the regulator of dimensional
regularization ∆ defined in eq. (2.12). Since u(p)γ5u(p) = 0, only Σ˜
ij
χχ,1(p) survives.
From here we deduce the relation between the pole and running chargino masses:
∆mχi ≡ mχi(Q)−mχi = A˜+ii(m2χi) + A˜−ii(m2χi) +mχi
[
B˜+ii (m
2
χi
) + B˜−ii (m
2
χi
)
]
(4.16)
Note that since Q is the subtraction point, the renormalized quantities A˜± and B˜±
are explicitly functions of Q. We give all our results in terms of the physical mass,
i.e., the pole mass mχi .
In order to determine Z˜χi we first find the one–particle reducible graph formed
by the sum of an infinite number of one–particle irreducible two point functions
iΣ˜iiχχ(p,Q) connected in series:
u(p)
i
pµγµ −mχi(Q)
{
1 + iΣ˜iiχχ(p,Q)
i
pµγµ −mχi(Q)
+ ...
}
u(p) =
u(p)
i
pµγµ −mχi(Q) + Σ˜iiχχ(p,Q)
u(p) = u(p)
iZ˜χi
pµγµ −mχi
u(p) (4.17)
and the last equality in eq. (4.17) tell us that after taking the limit p2 → m2χi and
pµγ
µu → mχiu, the effect of the radiative corrections is to introduce a finite renor-
malization factor given by
Z˜χi = 1− 2mχi
[
A˜′+ii + A˜
′−
ii +mχi
(
B˜′+ii + B˜
′−
ii
)]
− B˜+ii − B˜−ii (4.18)
where the prime indicate derivative with respect to the argument p2, and all the
functions are evaluated at p2 = m2χi . Note that the terms proportional to γ5Σ
ij
χχ,5(p)
do not contribute either to the difference between the pole mass and the running mass,
or to the wavefunction renormalisation factor in eq.(4.18), since u¯(p)γ5u(p) = 0.
Now we turn to the wave function renormalizations relevant to the process under
consideration. We start with the vertices Zχ˜+χ˜−, as shown in Fig. 2. If the one–loop
graph is attached to χ˜+b (Fig. 2d), we need to calculate the following amplitude:
u(k2)[GabZχχ]2d v(k1) = −i
g
2cW
u(k2)
[
Σ˜bbχχ,1(k2) + γ5Σ˜
bb
χχ,5(k2)−∆mχb
]
(4.19)
× 1
kν2γν −mχb
γµ
[
O′Lab(1− γ5) +O′Rab (1 + γ5)
]
v(k1)
The term proportional to Σ˜bbχχ,5(k2) is simply evaluated by taking the spinors on shell
and using u(k2)γ5(k
ν
2γν − mχb)−1 = u(k2)γ5(−2mχb)−1. For the term proportional
to Σ˜bbχχ,1(k2), more care is needed because of the pole from the propagator acting
on an on-shell spinor. The mass difference ∆mχb appears because in the tree level
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amplitude a tree level external chargino propagator is truncated by an on–shell inverse
propagator
1
kν2γν −mχb(Q)
(kν2γν −mχb) = 1 +
∆mχb
kν2γν −mχb
+O(2) (4.20)
introducing precisely the ∆mχb in eq. (4.19) and neglecting terms of two-loop order.
Of course, ∆mχb vanishes if we work in an on–shell scheme instead. Using eq. (4.16)
we see that this term gives rise to a factor of Z˜χb − 1, with Zχi given in eq. (4.18).
Combining this with the factor of (Z˜χb)
−1/2 for the external χ˜b line we obtain the
following contributions to the F±Z0 form factors:
1
F+Z0 = −
g
2cW
O′Lab
[
1
2mχb
(A˜−bb − A˜+bb)− B˜−bb −mχb(A˜′+bb + A˜′−bb )−m2χb(B˜′+bb + B˜′−bb )
]
(4.21)
F−Z0 = −
g
2cW
O′Rab
[
1
2mχb
(A˜+bb − A˜−bb)− B˜+bb −mχb(A˜′+bb + A˜′−bb )−m2χb(B˜′+bb + B˜′−bb )
]
where the prime represent the derivative with respect to p2 and all the functions are
evaluated at p2 = m2χb . In a similar way, if the one–loop graph is attached to χ˜
+
a
(Fig. 2e), the amplitude to be calculated is
u(k2)[GabZχχ]2e v(k1) = i
g
2cW
u(k2)γ
µ
[
O′Lba(1− γ5) +O′Rba (1 + γ5)
] 1
kν1γν +mχa
×
[
Σ˜aaχχ,1(−k1) + γ5Σ˜aaχχ,5(−k1)−∆mχa
]
v(k1) (4.22)
Following similar steps to those for the self-energy insertion on the χ˜+b line we find
that these contributions to the F±Z0 form factors are
F+Z0 = −
g
2cW
O′Lba
[
1
2mχa
(A˜+aa − A˜−aa)− B˜−aa −mχa(A˜′+aa + A˜′−aa)−m2χa(B˜′+aa + B˜′−aa)
]
(4.23)
F−Z0 = −
g
2cW
O′Rba
[
1
2mχa
(A˜−aa − A˜+aa)− B˜+aa −mχa(A˜′+aa + A˜′−aa)−m2χa(B˜′+aa + B˜′−aa)
]
and every function is evaluated at m2χa .
1 The practical upshot of the above procedure is that the Σ˜bbχχ,5(k2) part of Eq.4.19 contributes
directly while the remaining parts give a contribution equivalent to a factor of (Z˜χb)
1/2 times the
tree-level amplitude. This simple result can be understood immediately from LSZ reduction formula
which requires us to take the on-shell limit of the full propagator for each external leg, as we did
in Eq.4.17, and then truncate each leg factor Z˜χi/(pµγ
µ −mχi), and replace it by a factor of Z˜1/2χi
times the appropriate spinor wavefunction for each leg. Since the axial parts of the self-energy do
not contribute to the propagator near the pole their effect appears as a separate contribution.
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We now turn to the vertices γχ+χ−. The procedure is analogous and we just give
the final results. If the one–loop graph is attached to the χ˜+b the we get the following
contributions to the Fγ0 form factors
F+γ0 =
e
2
[
1
2mχb
(A˜−bb − A˜+bb)− B˜−bb −mχb(A˜′+bb + A˜′−bb )−m2χb(B˜′+bb + B˜′−bb )
]
δab
(4.24)
F−γ0 =
e
2
[
1
2mχb
(A˜+bb − A˜−bb)− B˜+bb −mχb(A˜′+bb + A˜′−bb )−m2χb(B˜′+bb + B˜′−bb )
]
δab
where every function is evaluated at m2χb . Now, if the one–loop graph is attached to
χ˜+a we get
F+γ0 =
e
2
[
1
2mχa
(A˜−aa − A˜+aa)− B˜+aa −mχa(A˜′+aa + A˜′−aa)−m2χa(B˜′+aa + B˜′−aa)
]
δab
(4.25)
F−γ0 =
e
2
[
1
2mχa
(A˜+aa − A˜−aa)− B˜−aa −mχa(A˜′+aa + A˜′−aa)−m2χa(B˜′+aa + B˜′−aa)
]
δab
where every function is evaluated at m2χa .
In the case of e±ν˜eχ˜
∓
b vertices, the procedure is analogous, with the only extra
complication given by the handling of the charge conjugation matrix C in the Feyn-
man rules. If the one–loop graph is attached to the χ˜+b the we get the following
contribution to F+ν˜e
F+ν˜e =
g
2
Vb1
[
1
2mχb
(A˜−bb − A˜+bb)− B˜−bb −mχb(A˜′+bb + A˜′−bb )−m2χb(B˜′+bb + B˜′−bb )
]
(4.26)
with every function is evaluated at m2χb . And finally, if the one–loop graph is attached
to χ˜+a we get a contribution to F
−
ν˜e given by
F−ν˜e = −
g
2
V ∗a1
[
1
2mχa
(A˜+aa − A˜−aa)− B˜+aa −mχa(A˜′+aa + A˜′−aa)−m2χa(B˜′+aa + B˜′−aa)
]
(4.27)
with every function is evaluated at m2χa .
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Figure 4: One–loop and tree level chargino production cross section as a function of
tan β, for 192 GeV center of mass energy.
5 Results
In this section we calculate numerically the radiatively corrected chargino production
cross section and compare it with the tree level. We start with a center of mass
energy of
√
s = 192 GeV relevant for LEP2, and consider the case µ < 0, where
µ is the supersymmetric Higgs mass parameter in the superpotential. Figs. 4 to 7
correspond to this center of mass energy. Radiative corrections to this cross section are
parametrized by the squark soft masses which we take degenerate MQ = MU = MD,
and by the trilinear soft mass parameters A ≡ AU = AD, also taken degenerate. This
choice is done at the weak scale and it is made for simplicity, i.e., should not be
confused with universality of minimal supergravity at the unification scale.
In Fig. 4 we plot σ(e+e− → χ˜+1 χ˜−1 ) as a function of tan β, for a constant value of the
chargino mass mχ±
1
= 90 GeV, the sneutrino mass mν˜e = 100 GeV, and the gaugino
massM = 200 GeV. The tree level cross section is in the solid line and decreases from
1.9 pb. to 0.9 pb. when tanβ increases from 0.5 to 100. Three radiatively corrected
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Figure 5: One–loop and tree level chargino production cross section as a function of
the chargino mass mχ±
1
, for 192 GeV center of mass energy.
curves are presented, and they are parametrized by MQ = A = 200 GeV (dots),
MQ = A = 600 GeV (dashes), and MQ = A = 1 TeV (dotdashes). We observe that
radiative corrections are positive and grow with the squark mass parameters. The
maximum value of the corrections vary from 5% at high tanβ to 22% at small tanβ.
A logarithmic growth of quantum corrections with the squark mass parameters is
observed, as it should be. Nevertheless, this logarithmic dependence is lost if tanβ < 1
or tan β >∼ 30, as can be seen from the figure. The reason is that at those values of
tan β there is no longer a single scale of squark masses, specially for MQ = A = 200
GeV where the squark masses range from 100 GeV to 370 GeV. It is worth pointing
out that the value of µ is not constant along the curves because it is fixed by the
constant value of the chargino mass mχ˜±
1
.
In Fig. 5 we explore the dependence of the radiatively corrected cross section
σ(e+e− → χ˜+1 χ˜−1 ) on the chargino mass mχ±
1
for
√
s = 192 GeV. We keep constant
the sneutrino mass mν˜e = 100 GeV, the gaugino massM = 200 GeV, and tan β = 10.
The tree level cross section decreases from 1.8 pb. for mχ±
1
= 75 GeV to 0.33 pb. for
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Figure 6: One–loop and tree level chargino production cross section as a function of
the sneutrino mass mν˜e , for 192 GeV center of mass energy.
mχ±
1
= 95 GeV and continues to zero at the kinematic limit. Quantum corrections,
on the other hand, grow with the chargino mass from 11% for mχ±
1
= 75 GeV to 16%
for mχ±
1
= 95 GeV when MQ = A = 1 TeV. The chargino mass mχ±
1
in this section
corresponds to the pole mass given in eq. (4.16). In Fig. 5, the running chargino mass
is 1% smaller than the pole mass for MQ = A = 1 TeV and the correction decreases
with smaller squark mass parameters.
The dependence of the cross section σ(e+e− → χ˜+1 χ˜−1 ) on the electron–type sneu-
trino mass is shown in Fig. 6, where we take the chargino mass mχ±
1
= 90 GeV, the
gaugino mass M = 200 GeV, and tan β = 10. Charginos can be produced in the
t–channel with an intermediate ν˜e, and in the s–channel with intermediate Z and γ.
The interference between the t–channel and the s–channel is negative, and this is the
reason why the cross section decreases when the sneutrino becomes lighter. The tree
level cross section varies from 0.45 pb. when mν˜e = 45 GeV to 1.9 pb when mν˜e = 500
GeV. On the other hand, radiative corrections are larger when the sneutrino is lighter,
going from 28% for mν˜e = 45 GeV to 3.5% for mν˜e = 500 GeV if MQ = A = 1 TeV.
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Figure 7: One–loop and tree level chargino production cross section as a function of
the SU(2) gaugino mass M , for 192 GeV center of mass energy.
Smaller corrections are found if the squark mass parameters are decreased.
The last graph with center of mass energy
√
s = 192 GeV is Fig. 7, where we
plot the chargino production cross section σ(e+e− → χ˜+1 χ˜−1 ) as a function of the
SU(2) gaugino mass M , while keeping constant the chargino mass mχ±
1
= 90 GeV,
the sneutrino mass mν˜e = 100 GeV, and tanβ = 10. The tree level cross section
decreases from 1.6 pb. when M = 500 GeV to a minimum of 0.22 pb. at around
M = 105 GeV, and grows again up to 0.34 pb. at M = 90 GeV. Below this value
of the gaugino mass M there is no solution for µ < 0 which gives mχ±
1
= 90 GeV.
As before, the largest quantum corrections are found with MQ = A = 1 TeV. For M
close to 90 GeV the corrections are only of a few percent, but they grow fast until
a maximum of 21% at M = 140 GeV. For larger values of the gaugino mass, the
corrections slowly decrease until they reach the value 6% at M = 500 GeV.
In summary we can say that for a center of mass energy
√
s = 192 GeV, relevant
for LEP2, the radiative corrections to the production cross section of a pair of light
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Figure 8: One–loop and tree level chargino production cross section as a function of
tan β, for 500 GeV center of mass energy.
charginos grow logarithmically with the squark mass parameters. The corrections are
positive and typically 10% to 15% forMQ = A = 1 TeV, 8% to 11% forMQ = A = 600
GeV, and 3% to 5% for MQ = A = 200 GeV, with a maximum value of the order of
30%, 20%, and 10% respectively, for the region of parameter space explored here.
Now we turn to a center of mass energy given by
√
s = 500 GeV, relevant for
future e+e− colliders. Fig. 8 to 11 correspond to this energy, where we continue
working with µ < 0.
In Fig. 8 we plot the total cross section σ(e+e− → χ˜+1 χ˜−1 ) as a function of tan β for a
fixed value of the chargino mass mχ±
1
= 120 GeV, the sneutrino mass mν˜e = 150 GeV,
and the gaugino mass M = 200 GeV. The behaviour of the tree–level cross section is
similar to the same curve with the previous center of mass energy, decreasing from
0.5 pb. at low tan β to 0.24 pb. at large tan β. The corrections are positive and grow
logarithmically with the squark mass parameters in the central region of tanβ, but
this is not so in the extremes for the reason explained before. Furthermore, the curve
corresponding to MQ = A = 200 GeV has to be truncated because if tan β <∼ 0.7 we
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Figure 9: One–loop and tree level chargino production cross section as a function of
of the chargino mass mχ±
1
, for 500 GeV center of mass energy.
have mt˜1
<
∼ 100 GeV, and if tan β >∼ 70 we get mb˜1
<
∼ 100 GeV. The maximum value of
the corrections occurs at a point slightly over tan β = 1 and corresponds to 13%, 10%,
and 5% for squark mass parameters equal to 1000, 600, and 200 GeV respectively.
The dependence of the total cross section σ(e+e− → χ˜+1 χ˜−1 ) as a function of the
chargino mass is shown in Fig. 9. We consider the case mν˜e = 150 GeV, M = 200
GeV, and tanβ = 40. The values of the chargino mass shown are the physical pole
mass, which is at most 1.6% larger than the running mass. Values of mχ˜±
1
larger than
200 GeV are not displayed because there is no solution for µ compatible with those
values of the chargino mass. In fact, |µ| grows as we approach to mχ˜±
1
= 200 GeV and
diverges at that point. Furthermore, large values of |µ| and the large value of tanβ
chosen induce a large sbottom mixing, and as a consequence the curve corresponding
to MQ = A = 200 GeV is truncated because for example we get mb˜1
<
∼ 100 if
mχ˜±
1
>
∼ 174 GeV. Radiative corrections for MQ = A = 1 TeV are positive for small
chargino masses and reach a maximum value of 8%, and they are negative for large
mχ˜±
1
with a maximum value of −4%.
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Figure 10: One–loop and tree level chargino production cross section as a function of
the sneutrino mass mν˜e , for 500 GeV center of mass energy.
In Fig. 10 we plot σ(e+e− → χ˜+1 χ˜−1 ) in terms of the sneutrino mass mν˜e , for a
constant value of the chargino mass mχ˜±
1
= 120 GeV, the gaugino mass parame-
ter M = 200 GeV, and tan β = 40. Due to the negative interference between the
s–channel and the t–channel chargino production, the total cross section has a mini-
mum at a certain value of the sneutrino mass. This minimum is shifted by radiative
corrections from mν˜e ≈ 100 GeV at tree level to mν˜e ≈ 90 GeV at one–loop. Quan-
tum corrections are larger for MQ = A = 1 TeV and have a maximum value of 8%
for medium values of the sneutrino mass.
In the last graph corresponding to
√
s = 500 GeV we have the production cross
section σ(e+e− → χ˜+1 χ˜−1 ) as a function of the gaugino mass M , and it is plotted in
Fig. 11. We consider mχ˜±
1
= 120 GeV,mν˜e = 150 GeV, and tanβ = 40. The tree level
cross section has a minimum at M ≈ 180 GeV which is displaced to M ≈ 173 GeV
by radiative corrections. These corrections are positive most of the time, reaching a
maximum of 9% when MQ = A = 1 TeV, but can be slightly negative at small values
of the gaugino mass. The value of |µ| grows as we approach M = 120 GeV, and
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Figure 11: One–loop and tree level chargino production cross section as a function of
the SU(2) gaugino mass M , for 500 GeV center of mass energy.
consequently the curve corresponding to MQ = A = 200 GeV is truncated because
mt˜1 is too light.
Now we summarize the results corresponding to a center of mass energy given by√
s = 500 GeV. As before, for the region of parameter space explored here, we observe
a logarithmic growth of the radiative corrections with the squark mass parameters
only for medium values of tanβ. For extreme values of tanβ there is no longer a
unique squark mass scale due to large mass splitings. Corrections are smaller than
the ones found for the previous center of mass energy, reaching maximum values
of 13%, 11%, and 5% for squark mass parameters equal to 1000, 600, and 200 GeV
respectively. Contrary to the previous case, we find here negative corrections, reaching
extreme values of −4%, −2.5%, and −0.2% respectively.
The last value of the center of mass energy we analyze here corresponds to an
electron–positron collider with
√
s = 2 TeV. Relevant to this energy we have Figs. 12
to 15. Again, we study the production of a pair of light charginos with µ < 0, but
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Figure 12: One–loop and tree level chargino production cross section as a function of
tan β, for 2 TeV center of mass energy.
this time we concentrate on a very heavy chargino with mχ˜±
1
= 700 GeV.
We plot in Fig. 12 the total cross section σ(e+e− → χ˜+1 χ˜−1 ) in terms of tan β for√
s = 2 TeV. We take mχ˜±
1
= 700 GeV, mν˜e = 200, andM = 1 TeV. The lowest value
of squark mass parameters we consider is MQ = A = 300 GeV (dotted line). This is
done in order to have reasonable squark masses. In fact, acceptable squark masses
are found only if 2 <∼ tanβ <∼ 35 and the restrictions on tanβ are stronger for smaller
squark mass parameters. The peak observed in the curve MQ = A = 600 GeV at
tan β ≈ 40 is physical and corresponds to the threshold mχ˜±
1
= mt + mb˜1 where a
chargino can decay on–shell to a top quark plus the lightest bottom squark b˜1. The
largest radiative corrections are found for MQ = A = 600 GeV and can have either
sign. The extreme values are 32% at low tanβ and −16% at high tanβ.
In Fig. 13 we have σ(e+e− → χ˜+1 χ˜−1 ) as a function of the pole chargino mass mχ˜±
1
for a constant value of the sneutrino mass mν˜e = 200, the gaugino mass M = 1 TeV,
and tan β = 0.8. The pole chargino mass is at most 1.5% smaller that the running
mass. The curve corresponding to MQ = A = 300 GeV is truncated because for
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Figure 13: One–loop and tree level chargino production cross section as a function of
of the chargino mass mχ±
1
, for 2 TeV center of mass energy.
mχ˜±
1
>
∼ 260 GeV we have mt˜1
<
∼ 100 GeV. The peak in the curve MQ = A = 600 GeV
close to mχ˜±
1
= 780 GeV is the same threshold found in the previous figure where
mχ˜±
1
= mt +mb˜1 . Radiative corrections are larger for MQ = A = 600 GeV and can
go up to 44%, but with typical values of the order of 10%. They can also be negative
reaching values of −12% for MQ = A = 1 TeV.
The dependence of the total cross section σ(e+e− → χ˜+1 χ˜−1 ) on the sneutrino
mass mν˜e is shown in Fig. 14, where we keep constant the value of the chargino mass
mχ˜±
1
= 700 GeV, the SU(2) gaugino mass M = 1 TeV, and tanβ = 0.8. We observe
that the cross section depends very weakly on the sneutrino mass. The reason is that
the sneutrino contribution is negligible because the lightest chargino is almost purely
higgsino and therefore its coupling to an electron plus a sneutrino is very small. Since
the W–boson mass is so small compared with M and µ, the sneutrino contribution
would be sizable only if we take a gaugino mass close to the chargino mass. Quantum
corrections in this case are positive, almost constant, and equal to 8%, 14%, and 3%
if the squark mass parameters are equal to 1000, 600, and 300 GeV respectively. The
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Figure 14: One–loop and tree level chargino production cross section as a function of
the sneutrino mass mν˜e , for 2 TeV center of mass energy.
case MQ = A = 600 GeV is larger due to the proximity of the mχ˜±
1
= mt + mb˜1
threshold (see Fig. 13).
The final plot with
√
s = 2 TeV is Fig. 15, where we have the total cross section
σ(e+e− → χ˜+1 χ˜−1 ) as a function of the gaugino mass M . The cross section is fairly
constant for M >∼ 750 GeV and has a deep minimum centered at M ≈ 705 GeV
at tree level, which is shifted upwards in a few GeV by quantum corrections. In
the region of constant cross section, radiative corrections are positive and larger for
MQ = A = 600 GeV, and are of the order of 15%. In the region around the minimum,
radiative corrections are even larger and can have either sign, with extreme values
that can go up to 100% and down to −26%.
We summarize now our findings at
√
s = 2 TeV. In this case, due to the fact that
the chargino mass is heavy and can decay into on–shell squarks plus quarks, we find
large radiative corrections close to the threshold. This makes the radiatively corrected
cross section less regular than the previous cases, and with larger extreme values. We
find that the maximum value for the correction can go up to 100%, and that can be
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Figure 15: One–loop and tree level chargino production cross section as a function of
the SU(2) gaugino mass M , for 2 TeV center of mass energy.
negative also, with a extreme value of −26%. Typically, we find corrections in the
range between −20% to 20%.
6 Conclusions
We have calculated the one–loop radiative corrections to the total production cross
section of a pair of charginos in the MSSM. Using the diagramatic method we give
formulas for the radiatively corrected σ(e+e− → χ˜+b χ˜−a ), where χ˜+b and χ˜−a are any of
the two charginos. We work in the MS scheme and under the approximation where
only top and bottom quarks and squarks are considered in the loops. We organize
the calculation introducing form factors which renormalize the Zχ˜+b χ˜
−
a , γχ˜
+
b χ˜
−
a , and
e±ν˜eχ˜
±
a vertices. Numerically, we concentrate on the production of a pair of light
charginos in electron–positron colliders with center of mass energy given by 192, 500,
and 2000 GeV and with µ < 0. Radiative corrections to σ(e+e− → χ˜+1 χ˜−1 ) are
parametrized by the value of the squark mass parameters, which for simplicity we
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take equal at the weak scale MQ = MU = MD and A ≡ AU = AD. We explore
the cross section varying the parameters which affect the chargino cross section at
tree level: the ratio of vacuum expectation values tan β, the SU(2) gaugino mass M ,
the electron–type sneutrino mass mν˜e, and the lightest chargino mass mχ˜±
1
, which
has been used instead of the supersymmetric mass parameter µ as an independent
variable. For a center of mass energy
√
s = 192 GeV we have found positive radiative
corrections which are typically of 10% to 15% if MQ = A = 1 TeV and with a
maximum value of 30%. For a center of mass energy of
√
s = 500 GeV we find
corrections with a maximum value of 13% if MQ = A = 1 TeV, but also negative
corrections are found, and with an extreme value of −4%. If √s = 2 TeV, radiative
corrections are larger, and extreme values of 100% and −26% can be found. No big
differences are observed for the case µ > 0.
The calculation of the radiative corrections to the chargino pair production cross
section reported here will enable us to interpret more reliably the chargino searches
performed al LEP2 as lower limits on the chargino mass and, consequently, as exclu-
sion zones in the parameter space. If charginos are discovered, this calculation will
be essential in order to extract the value of the fundamental parameters of the theory
from the experimental measurements.
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Appendix A: Feynman Rules
In this Appendix we list the Feynman rules for the MSSM that we require in our
calculations. These rules are adapted from Haber and Kane [13] and Gunion and
Haber [14], although we have introduced a more compact notation for the vertices
involving mass eigenstates as we shall explain.
Apart from the Standard Model Feynman rules, which we do not list here, there
are three classes of vertex which are encountered in our calculations:
1. The Z (and photon) - chargino - chargino vertices
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Figure 16: γχ+χ+ and Zχ+χ+ Feynman rules.
2. The Z (and photon) - squark - squark vertices
3. The quark- squark- chargino vertices
4. The lepton - slepton - chargino vertices
We begin by explaining the origin of chargino mass eigenstates. Suppose we write
the components of the Wˆ superfield and the two Higgs superfields HˆU and HˆD as:
Wˆ± = (W±µ , λ
±)
HˆU =
(
(H0U , H˜
0
U)
(H−U , H˜
−
U )
)
HˆD =
(
(H+D , H˜
+
D)
(H0D, H˜
0
D)
)
(A.1)
Then the chargino matrix is given by:
(λ− H˜−U )
(
M
√
2mW sβ√
2mW cβ µ
)(
λ+
H˜+D
)
(A.2)
In a standard notation M is the soft supersymmetry breaking mass of the winos, µ is
the supersymmetry preserving mass of the Higgsinos and the mixing between winos
and Higgsinos originates from the supersymmetric version of the W±H±H0 vertex in
a two Higgs doublet model where theW± and H± are replaced by their superpartners
and the H0 is replaced by its vacuum expectation value.
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The chargino matrix is diagonalized by two independent unitary matrices U and
V :
U∗
(
M
√
2mW sβ√
2mW cβ µ
)
V −1 =
(
mχ1 0
0 mχ2
)
(A.3)
where
2mχ1,2 =M
2 + µ2 + 2m2W ∓
√
(M2 − µ2)2 + 4m4W c22β + 4m2W (M2 + µ2 + 2Mµs2β)
(A.4)
After diagonalization the four Weyl spinors λ+, λ−, H˜+D , H˜
−
U are related to four mass
eigenstate Weyl spinors χ+1 , χ
+
2 , χ
−
1 , χ
−
2 ,(
χ+1
χ+2
)
= V
(
λ+
H˜+D
)
(A.5)
(
χ−1
χ−2
)
= U
(
λ−
H˜−U
)
(A.6)
Clearly χ+1 and χ
−
1 have a common mass mχ1 . Similarly χ
+
2 and χ
−
2 have a common
mass mχ2. In view of this one may define Dirac spinors χ˜
+
1 and χ˜
+
2 as:
χ˜+1 =
(
χ+1
χ¯−1
)
(A.7)
χ˜+2 =
(
χ+2
χ¯−2
)
(A.8)
where χ¯−1 and χ¯
−
2 are the CP conjugates of the Weyl spinors χ
−
1 and χ
−
2 .
When we write down the Feynman rules it will be in terms of these Dirac mass
eigenstates χ˜+1 and χ˜
+
2 which are four-component spinors and have antiparticles χ˜
−
1
and χ˜−2 .
In Fig. 16 the photon vertex is standard and the Z vertex is in the notation of
Haber and Kane where:
O
′L
ab = −Va1V ∗b1 −
1
2
Va2V
∗
b2 + δabs
2
W
O
′R
ab = −U∗a1Ub1 −
1
2
U∗a2Ub2 + δabs
2
W (A.9)
where U and V are the matrices which diagonalize the chargino mass matrix.
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Figure 17: γq˜q˜ and Zq˜q˜ Feynman rules.
We now turn to the squark vertices in Fig. 17. The photon coupling is standard,
and the Z coupling to the left and right handed stop and sbottom t˜L, t˜R, b˜L, b˜R are
given in Haber and Kane as:
Zt˜Lt˜L :
ig
2cW
(−1 + 2eus2W )(p+ p′)µ
Zt˜Rt˜R :
ig
2cW
(eus
2
W )(p+ p
′)µ
Zb˜Lb˜L :
ig
2cW
(1 + 2eds
2
W )(p+ p
′)µ
Zb˜Rb˜R :
ig
2cW
(eds
2
W )(p+ p
′)µ (A.10)
where eu = 2/3, ed = −1/3.
The coupling in Fig. 17 refers to the mass eigenstate squarks labelled by indices
i, j, and involves a diagonalisation of the stop and sbottom mass matrices:
(t˜∗L, t˜
∗
R)
(
M2Q +m
2
t +
1
6
(4m2W −m2Z)c2β mt(AU − µ/tβ)
mt(AU − µ/tβ) M2U +m2t + 23(m2Z −m2W )c2β
)(
t˜L
t˜R
)
(A.11)
(b˜∗L, b˜
∗
R)
(
M2Q +m
2
b − 16(2m2W +m2Z)c2β mb(AD − µtβ)
mb(AD − µtβ) M2D +m2b − 13(m2Z −m2W )c2β
)(
b˜L
b˜R
)
The mass eigenstates t˜1, t˜2, b˜1, b˜2 are related to the original states t˜L, t˜R, b˜L, b˜R by
rotations through angles αt and αb:(
t˜L
t˜R
)
= R†αt
(
t˜1
t˜2
)
(A.12)
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(
b˜L
b˜R
)
= R†αb
(
b˜1
b˜2
)
(A.13)
where
Rα =
(
cα sα
−sα cα
)
(A.14)
From the above results we obtain the couplings λij
Zt˜t˜
and λij
Zb˜b˜
used in Fig. 17:
λij
Zt˜t˜
= Ri1αtR
j1
αt
g
2cW
(−1 + 2eus2W ) +Ri2αtRj2αt
g
2cW
(eus
2
W )
λij
Zb˜b˜
= Ri1αbR
j1
αb
g
2cW
(1 + 2eds
2
W ) +R
i2
αb
Rj2αb
g
2cW
(eds
2
W ) (A.15)
Next we consider the quark-squark-chargino vertices in Fig. 18. Again the index
i refers to squark mass eigenstates, and the index a refers to chargino mass eigen-
states. The Feynman rules for such vertices in the chargino mass eigenstate basis
but involving left and right handed quarks were given in Gunion and Haber [14]. As
pointed out by Gunion and Haber, and indicated in Fig. 18, one must be careful to
distinguish between the two cases in which the arrow on the chargino line enters or
leaves the vertex. In addition one will note the appearance of the charge conjugation
matrix C in the vertices involving the b quark.
To understand these facts consider the standard model terms which appear in the
interaction lagrangian between the W± and the top and bottom quarks:
gW+µ t¯Lγ
µbL + gW
−
µ b¯Lγ
µtL
These two terms may be represented by two diagrams, one involving the creation
of a left handed top quark whose arrow leaves the vertex, and one involving the
destruction of a left handed top quark whose arrow enters the vertex. Note that
these two diagrams are not related by C or P but simply by Hermitian conjugation.
Now the supersymmetric version of these standard model terms is:
√
2gt¯Lλ
+b˜L +
√
2gb¯Lλ
−t˜L +
√
2gλ¯+tLb˜
∗
L +
√
2gλ¯−bLt˜
∗
L
Thus there are four independent supersymmetric vertices, corresponding to the λ±
being created and destroyed at the vertex. We saw earlier that in terms of the Dirac
spinors a four component mass eigenstate chargino χ˜+a contains both λ
+ and the CP
conjugate of λ−. In our convention that χ˜+a is the particle and χ˜
−
a is the antiparticle;
we must take the CP conjugate of the terms involving λ−, and this leads to the
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Figure 18: qq˜χ Feynman rules.
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appearance of the C matrix in the Feynman rules involving χ˜+a , as given in Gunion
and Haber.
By replacing the Gunion and Haber left and right handed quark fields by their
mass eigenstates, and correcting the sign errors in the γ5 matrices in Figs.22(b), 22(d),
23(b) and 23(d) of ref.[14] we find that the couplings that we have defined in Fig. 18
are given by:
λ+ia
b˜tχ
= −g
2
Ri1αbUa1 +
g
2
mb√
2mW cβ
Ri2αbUa2
λ−ia
b˜tχ
=
g
2
mt√
2mW sβ
Ri1αbV
∗
a2
λ+ia
t˜bχ
= −g
2
Ri1αtVa1 +
g
2
mt√
2mW sβ
Ri2αtVa2
λ−ia
t˜bχ
=
g
2
mb√
2mW cβ
Ri1αtU
∗
a2 (A.16)
Finally we note that the Feynman rules in Fig. 19 are obtained from Haber and
Kane.
Appendix B: Passarino–Veltman Functions
In this appendix we list all the relevant PV functions, in terms of integrals over loop
momenta performed in n = 4− 2ǫ dimensions.
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B1: Tadpole integral
∫
dnk
(2π)n
1
(k2 −m2) =
i
16π2
A0(m
2). (B.1)
B2: Two-point functions
∫
dnk
(2π)n
1
(k2 −m21)((k + p)2 −m2)2
=
i
16π2
B0(p
2, m21, m
2
2). (B.2)
∫
dnk
(2π)n
kµ
(k2 −m21)((k + p)2 −m2)2
=
i
16π2
B1(p
2, m21, m
2
2) p
µ. (B.3)
B3: Vertex functions∫
dnk
(2π)n
1
(k2 −m21)((k + p1)2 −m2)2((k + p1 + p2)2 −m23)
=
i
16π2
C0 (B.4)
∫
dnk
(2π)n
kµ
(k2 −m21)((k + p1)2 −m2)2((k + p1 + p2)2 −m23)
=
i
16π2
(C11 p
µ
1 + C12 p
µ
2) ,
(B.5)
∫
dnk
(2π)n
kµkν
(k2 −m21)((k + p1)2 −m2)2((k + p1 + p2)2 −m23)
=
i
16π2
(C21 p
µ
1p
ν
1 + C22 p
µ
2p
ν
2 + C23(p
µ
1p
ν
2 + p
µ
2p
ν
1) + C24g
µν) , (B.6)
where the functions C0, Cij have arguments (p
2
1, p
2
2, (p1 + p2)
2, m21, m
2
2, m
2
3).
The exact form of the functions A0, Bi, Ci, Cij are given in [12]. The functions
A0, B0, B1, C24 are ultraviolet divergent and therefore contain the quantity ∆ defined
in eq. (2.12). After renormalisation, which corresponds to setting ∆ = 0, the functions
become finite and are denoted by a tilde, and depend on the subtraction point Q.
For the purposes of our numerical calculations the subtraction point was taken to be
Q = mZ , so that the coupling constants used refer to running coupings at mZ .
Appendix C: One-Loop 1PI Green’s Functions
In this Appendix we detail our results for the one-loop Feynman amplitudes ob-
tained using the Feynman rules in Appendix A and expressed in terms of the PV
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Figure 20: Unrenormalized one–particle irreducible triangular diagrams.
functions in Appendix B. Although we shall present results for unrenormalised 1PI
Greens functions, the contributions to the physical form factors are obtained from the
renormalised 1PI Greens functions. The renormalised 1PI Greens functions are sim-
ply obtained by replacing the singular functions A0, B0, B1, C24 by the corresponding
tilded functions as explained at the end of the preceeding Appendix.
C1. Triangular Graphs
We begin with the one-loop triangular diagrams contributing to the Z-chargino-
chargino vertex, and displayed in Fig. 20.
The Z vertex diagram T1 in Fig. 20 involving an internal top quark and two
internal sbottom squarks is:
[ΓabZχχ]
T1 = − Nc
8π2
2∑
i=1
2∑
j=1
λij
Zb˜b˜
{[
λ+ib
b˜tχ
∗
λ+ja
b˜tχ
(1− γ5) + λ−ibb˜tχ
∗
λ−ja
b˜tχ
(1 + γ5)
][
2C24γ
µ
−mχa(2C21 + 3C11 + C0)kµ1 −mχa(2C23 + C11 + 2C12 + C0)kµ2
]
(C.1)
+mχb
[
λ+ib
b˜tχ
∗
λ+ja
b˜tχ
(1 + γ5) + λ
−ib
b˜tχ
∗
λ−ja
b˜tχ
(1− γ5)
][
(2C23 + C12)k
µ
1 + (2C22 + C12)k
µ
2
]
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−mt
[
λ+ib
b˜tχ
∗
λ−ja
b˜tχ
(1− γ5) + λ−ibb˜tχ
∗
λ+ja
b˜tχ
(1 + γ5)
][
(2C11 + C0)k
µ
1 + (2C12 + C0)k
µ
2
]}
where the arguments of the PV functions C0 and Cij are (m
2
χa , m
2
χb
, s;m2
b˜j
, m2t , m
2
b˜i
).
The Z vertex diagram T2 in Fig. 20 involving an internal sbottom squark and two
internal top quarks is:
[ΓabZχχ]
T2 =
Ncg
16π2cW
2∑
i=1
{
[
(gtV + g
t
A)λ
+ib
b˜tχ
∗
λ+ia
b˜tχ
(1− γ5) + (gtV − gtA)λ−ibb˜tχ
∗
λ−ia
b˜tχ
(1 + γ5)
][(
2C24 −Bχb b˜it0 − (s
−m2χa)C12 −m2χaC11 −m2tC0
)
γµ − 2mχa(C21 + C11)kµ1 − 2mχa(C23 + C12)kµ2
]
+mχb
[
(gtV + g
t
A)λ
+ib
b˜tχ
∗
λ+ia
b˜tχ
(1 + γ5) + (g
t
V − gtA)λ−ibb˜tχ
∗
λ−ia
b˜tχ
(1− γ5)
][
mχa(C12
−C11)γµ + 2(C23 + C12)kµ1 + 2(C22 + C12)kµ2
]
−mt
[
(gtV − gtA)λ+ibb˜tχ
∗
λ−ia
b˜tχ
(1− γ5) + (gtV + gtA)λ−ibb˜tχ
∗
λ+ia
b˜tχ
(1 + γ5)
][
mχaC11γ
µ
−2C12kµ2
]
−mtmχb
[
(gtV − gtA)λ+ibb˜tχ
∗
λ−ia
b˜tχ
(1 + γ5) + (g
t
V + g
t
A)λ
−ib
b˜tχ
∗
λ+ia
b˜tχ
(1− γ5)
]
C12γ
µ
+mt
[
(gtV + g
t
A)λ
+ib
b˜tχ
∗
λ−ia
b˜tχ
(1− γ5) + (gtV − gtA)λ−ibb˜tχ
∗
λ+ia
b˜tχ
(1 + γ5)
][
mχa(C11 + C0)γ
µ
+2(C11 + C0)k
µ
1
]
+mtmχb
[
(gtV + g
t
A)λ
+ib
b˜tχ
∗
λ−ia
b˜tχ
(1 + γ5) + (g
t
V − gtA)λ−ibb˜tχ
∗
λ+ia
b˜tχ
(1− γ5)
]
(C12 + C0)γ
µ
+m2t
[
(gtV − gtA)λ+ibb˜tχ
∗
λ+ia
b˜tχ
(1− γ5) + (gtV + gtA)λ−ibb˜tχ
∗
λ−ia
b˜tχ
(1 + γ5)
]
C0γ
µ
}
(C.2)
where the arguments of the PV functions C0 and Cij are (m
2
χa , m
2
χb
, s;m2t , m
2
b˜i
, m2t ),
and Bχ˜bb˜it0 ≡ B0(m2χb;m2b˜i , m2t ).
The Z vertex diagram T3 in Fig. 20 involving an internal bottom quark and two
internal stop squarks is:
[ΓabZχχ]
T3 = − Nc
8π2
2∑
i=1
2∑
j=1
λij
Zt˜t˜
{[
λ−ib
t˜bχ
λ−ja
t˜bχ
∗
(1 + γ5) + λ
+ib
t˜bχ
λ+ja
t˜bχ
∗
(1− γ5)
][
2C24γ
µ
−mχa(2C21 + 3C11 + C0)kµ1 −mχa(2C23 + C11 + 2C12 + C0)kµ2
]
(C.3)
+mχb
[
λ−ib
t˜bχ
λ−ja
t˜bχ
∗
(1− γ5) + λ+ibt˜bχλ+jat˜bχ
∗
(1 + γ5)
][
(2C23 + C12)k
µ
1 + (2C22 + C12)k
µ
2
]
−mb
[
λ−ib
t˜bχ
λ+ja
t˜bχ
∗
(1 + γ5) + λ
+ib
t˜bχ
λ−ja
t˜bχ
∗
(1− γ5)
][
(2C11 + C0)k
µ
1 + (2C12 + C0)k
µ
2
]}
37
where the arguments of the PV functions C0 and Cij are (m
2
χa , m
2
χb
, s;m2
t˜j
, m2b , m
2
t˜i
).
The Z vertex diagram T4 in Fig. 20 involving internal stop squark and two internal
bottom quarks is:
[ΓabZχχ]
T4 =
Ncg
16π2cW
2∑
i=1
{
[
(gbV + g
b
A)λ
−ib
t˜bχ
λ−ia
t˜bχ
∗
(1 + γ5) + (g
b
V − gbA)λ+ibt˜bχλ+iat˜bχ
∗
(1− γ5)
][(
2C24 −Bχb t˜ib0 − (s
−m2χa)C12 −m2χaC11 −m2bC0
)
γµ − 2mχa(C21 + C11)kµ1 − 2mχa(C23 + C12)kµ2
]
+mχb
[
(gbV + g
b
A)λ
−ib
t˜bχ
λ−ia
t˜bχ
∗
(1− γ5) + (gbV − gbA)λ+ibt˜bχλ+iat˜bχ
∗
(1 + γ5)
][
mχa(C12
−C11)γµ + 2(C23 + C12)kµ1 + 2(C22 + C12)kµ2
]
−mb
[
(gbV − gbA)λ−ibt˜bχλ+iat˜bχ
∗
(1 + γ5) + (g
b
V + g
b
A)λ
+ib
t˜bχ
λ−ia
t˜bχ
∗
(1− γ5)
][
mχaC11γ
µ
−2C12kµ2
]
−mbmχb
[
(gbV − gbA)λ−ibt˜bχλ+iat˜bχ
∗
(1− γ5) + (gbV + gbA)λ+ibt˜bχλ−iat˜bχ
∗
(1 + γ5)
]
C12γ
µ
+mb
[
(gbV + g
b
A)λ
−ib
t˜bχ
λ+ia
t˜bχ
∗
(1 + γ5) + (g
b
V − gbA)λ+ibt˜bχλ−iat˜bχ
∗
(1− γ5)
][
mχa(C11 + C0)γ
µ
+2(C11 + C0)k
µ
1
]
+mbmχb
[
(gbV + g
b
A)λ
−ib
t˜bχ
λ+ia
t˜bχ
∗
(1− γ5) + (gbV − gbA)λ+ibt˜bχλ−iat˜bχ
∗
(1 + γ5)
]
(C12 + C0)γ
µ
+m2b
[
(gbV − gbA)λ−ibt˜bχλ−iat˜bχ
∗
(1 + γ5) + (g
b
V + g
b
A)λ
+ib
t˜bχ
λ+ia
t˜bχ
∗
(1− γ5)
]
C0γ
µ
}
(C.4)
where the arguments of the PV functions C0 and Cij are (m
2
χa , m
2
χb
, s;m2b , m
2
t˜i
, m2b),
and Bχ˜bt˜ib0 ≡ B0(m2χb;m2t˜i , m2b).
We now turn to the one-loop triangular diagrams contributing to the photon-
chargino-chargino vertex, and displayed in Fig. 20.
The photon vertex diagram T1 in Fig. 20 involving an internal top quark and two
internal sbottom squarks is:
[Γabγχχ]
T1 =
Nceeb
8π2
2∑
i=1
{[
λ+ib
b˜tχ
∗
λ+ia
b˜tχ
(1− γ5) + λ−ibb˜tχ
∗
λ−ia
b˜tχ
(1 + γ5)
][
2C24γ
µ
−mχa(2C21 + 3C11 + C0)kµ1 −mχa(2C23 + C11 + 2C12 + C0)kµ2
]
(C.5)
+mχb
[
λ+ib
b˜tχ
∗
λ+ia
b˜tχ
(1 + γ5) + λ
−ib
b˜tχ
∗
λ−ia
b˜tχ
(1− γ5)
][
(2C23 + C12)k
µ
1 + (2C22 + C12)k
µ
2
]
−mt
[
λ+ib
b˜tχ
∗
λ−ia
b˜tχ
(1− γ5) + λ−ibb˜tχ
∗
λ+ia
b˜tχ
(1 + γ5)
][
(2C11 + C0)k
µ
1 + (2C12 + C0)k
µ
2
]}
38
where the arguments of the PV functions C0 and Cij are (m
2
χa , m
2
χb
, s;m2
b˜i
, m2t , m
2
b˜i
).
The photon vertex diagram T2 in Fig. 20 involving an internal sbottom squark
and two internal top quarks is:
[Γabγχχ]
T2 =
Nceet
8π2
2∑
i=1
{[
λ+ib
b˜tχ
∗
λ+ia
b˜tχ
(1− γ5) + λ−ibb˜tχ
∗
λ−ia
b˜tχ
(1 + γ5)
][(
2C24 − Bχbb˜it0
−(s−m2χa)C12 −m2χaC11
)
γµ − 2mχa(C21 + C11)kµ1 − 2mχa(C23 + C12)kµ2
]
+mχb
[
λ+ib
b˜tχ
∗
λ+ia
b˜tχ
(1 + γ5) + λ
−ib
b˜tχ
∗
λ−ia
b˜tχ
(1− γ5)
][
mχa(C12 − C11)γµ
+2(C23 + C12)k
µ
1 + 2(C22 + C12)k
µ
2
]
+mt
[
λ+ib
b˜tχ
∗
λ−ia
b˜tχ
(1− γ5) + λ−ibb˜tχ
∗
λ+ia
b˜tχ
(1 + γ5)
][
mχaC0γ
µ + 2(C11 + C0)k
µ
1
+2C12k
µ
2
]
+mtmχb
[
λ+ib
b˜tχ
∗
λ−ia
b˜tχ
(1 + γ5) + λ
−ib
b˜tχ
∗
λ+ia
b˜tχ
(1− γ5)
]
C0γ
µ
}
(C.6)
where the arguments of the PV functions C0 and Cij are (m
2
χa , m
2
χb
, s;m2t , m
2
b˜i
, m2t ).
The photon vertex diagram T3 in Fig. 20 involving an internal bottom quark and
two internal stop squarks is:
[Γabγχχ]
T3 =
Nceet
8π2
2∑
i=1
{[
λ−ib
t˜bχ
λ−ia
t˜bχ
∗
(1 + γ5) + λ
+ib
t˜bχ
λ+ia
t˜bχ
∗
(1− γ5)
][
2C24γ
µ
−mχa(2C21 + 3C11 + C0)kµ1 −mχa(2C23 + C11 + 2C12 + C0)kµ2
]
(C.7)
+mχb
[
λ−ib
t˜bχ
λ−ia
t˜bχ
∗
(1− γ5) + λ+ibt˜bχλ+iat˜bχ
∗
(1 + γ5)
][
(2C23 + C12)k
µ
1 + (2C22 + C12)k
µ
2
]
−mb
[
λ−ib
t˜bχ
λ+ia
t˜bχ
∗
(1 + γ5) + λ
+ib
t˜bχ
λ−ia
t˜bχ
∗
(1− γ5)
][
(2C11 + C0)k
µ
1 + (2C12 + C0)k
µ
2
]}
where the arguments of the PV functions C0 and Cij are (m
2
χa , m
2
χb
, s;m2
t˜i
, m2b , m
2
t˜i
).
The photon vertex diagram T4 in Fig. 20 involving internal stop squark and two
internal bottom quarks is:
[Γabγχχ]
T4 =
Nceeb
8π2
2∑
i=1
{[
λ−ib
t˜bχ
λ−ia
t˜bχ
∗
(1 + γ5) + λ
+ib
t˜bχ
λ+ia
t˜bχ
∗
(1− γ5)
][(
2C24 −Bχb t˜ib0
−(s−m2χa)C12 −m2χaC11
)
γµ − 2mχa(C21 + C11)kµ1 − 2mχa(C23 + C12)kµ2
]
+mχb
[
λ−ib
t˜bχ
λ−ia
t˜bχ
∗
(1− γ5) + λ+ibt˜bχλ+iat˜bχ
∗
(1 + γ5)
][
mχa(C12 − C11)γµ
+2(C23 + C12)k
µ
1 + 2(C22 + C12)k
µ
2
]
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Figure 21: Top and bottom quark and squark contributions to the unrenormalized
self-energy of γ or Z
+mb
[
λ−ib
t˜bχ
λ+ia
t˜bχ
∗
(1 + γ5) + λ
+ib
t˜bχ
λ−ia
t˜bχ
∗
(1− γ5)
][
mχaC0γ
µ + 2(C11 + C0)k
µ
1
+2C12k
µ
2
]
+mbmχb
[
λ−ib
t˜bχ
λ+ia
t˜bχ
∗
(1− γ5) + λ+ibt˜bχλ−iat˜bχ
∗
(1 + γ5)
]
C0γ
µ
}
(C.8)
where the arguments of the PV functions C0 and Cij are (m
2
χa , m
2
χb
, s;m2b , m
2
t˜i
, m2b).
C2. Gauge Boson Two–Point Functions
The gauge boson two–point functions can be written as i[AGG(p
2)gµν +BGG(p
2)pµpν ]
where p is the external momentum and GG = ZZ, γγ, or Zγ. The functions AGG
and BGG depend on p
2 and represent the one–loop contributions to the gauge bosons
self energies and mixing. For our purposes only AGG is relevant. We detail here
the contribution to the gauge bosons self energies from top and bottom quarks and
squarks, as shown in Fig. 21. We start with the Z–boson self energy. The contribution
from top and bottom quarks is
[
AZZ(p
2)
]tb
=
Ncg
2
32π2c2W
(m2tB
ptt
0 +m
2
bB
pbb
0 )
− Ncg
2
16π2c2W
(1
4
− ets2W + 2e2ts4W )(4Bptt22 − 2At0 + p2Bptt0 )
− Ncg
2
16π2c2W
(1
4
+ ebs
2
W + 2e
2
bs
4
W )(4B
pbb
22 − 2Ab0 + p2Bpbb0 ) (C.9)
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where At0 ≡ A0(m2t ), Bptt22 ≡ B22(p2;m2t , m2t ), and similarly for B0. The contribution
from squarks is [
AZZ(p
2)
]t˜b˜
=
Nc
4π2
2∑
i=1
2∑
j=1
[
λij2
Zt˜t˜
B
pt˜i t˜j
22 + λ
ij2
Zb˜b˜
B
pb˜ib˜j
22
]
− Nc
16π2
2∑
i=1
[
λij
ZZt˜t˜
At˜i0 + λ
ij
ZZb˜b˜
Ab˜i0
]
(C.10)
where the couplings λZt˜t˜ and λZZt˜t˜ are defined in Appendix A.
The photon self energy Aγγ receive contributions from top and bottom quarks:[
Aγγ(p
2)
]tb
= −Nce
2
8π2
[
e2t (4B
ptt
22 − 2At0 + p2Bptt0 ) + e2b(4Bpbb22 − 2Ab0 + p2Bpbb0 )
]
(C.11)
and from the top and bottom squarks:[
Aγγ(p
2)
]t˜b˜
=
Nce
2
8π2
2∑
i=1
[
e2t (2B
pt˜i t˜i
22 −At˜i0 ) + e2b(2Bpb˜ib˜i22 − Ab˜i0 )
]
(C.12)
where we take e to be positive.
The top and bottom quarks contributions to the Z − γ mixing is[
AZγ(p
2)
]tb
= − Ncge
16π2cW
[
etg
t
V (4B
ptt
22 − 2At0 + p2Bptt0 ) + ebgbV (4Bpbb22 − 2Ab0 + p2Bpbb0 )
]
(C.13)
where gtV =
1
2
(1−4ets2W ) and gbV = −12(1+4ebs2W ). In the same way, the contributions
from top and bottom squarks can be written as[
AZγ(p
2)
]t˜b˜
= −Nce
8π2
2∑
i=1
[
etλ
ii
Zt˜t˜(2B
pt˜i t˜i
22 −At˜i0 ) + ebλiiZb˜b˜(2Bpb˜ib˜i22 − Ab˜i0 )
]
(C.14)
and the couplings Z–squark–squark are in eq. A.15.
C3. Chargino Two–Point Functions
In the approximation we are working on, i.e., including only top and bottom quarks
and squarks in the loops, there are two types of one–loop graph which contribute
to the chargino two–point functions, and they are displayed in Fig. 22. We use the
notation for the sum of the Feynman diagrams contributing to the chargino two–point
functions given in eq. (4.6). In this way, the graphs involving top quarks and bottom
squarks are[
Σijχχ(p
2)
]tb˜
= i
Nc
8π2
2∑
k=1
{[
λ+kj
b˜tχ
∗
λ−ki
b˜tχ
(1− γ5) + λ−kjb˜tχ
∗
λ+ki
b˜tχ
(1 + γ5)
]
mtB
ptb˜k
0
−
[
λ+kj
b˜tχ
∗
λ+ki
b˜tχ
(1− γ5) + λ−kjb˜tχ
∗
λ−ki
b˜tχ
(1 + γ5)
]
pµγ
µBptb˜k1
}
(C.15)
41
~
+
c
~
+
b
=
t
~
b
i
~
+
c
~
+
b
+
b
~
t
i
~
+
c
~
+
b
Figure 22: Feynman diagrams contributing to the unrenormalized chargino two–point
functions.
and for bottom quarks and top squarks we have
[
Σijχχ(p
2)
]bt˜
= −i Nc
8π2
2∑
k=1
{[
λ−kj
t˜bχ
λ+ki
t˜bχ
∗
(1 + γ5) + λ
+kj
t˜bχ
λ−ki
t˜bχ
∗
(1− γ5)
]
mbB
pbt˜k
0
−
[
λ−kj
t˜bχ
λ−ki
t˜bχ
∗
(1 + γ5) + λ
+kj
t˜bχ
λ+ki
t˜bχ
∗
(1− γ5)
]
pµγ
µBpbt˜k1
}
(C.16)
with the couplings given in eq. (A.16).
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